For a deeper understanding of the freeze-thaw weathering effects on the microstructure evolution and deterioration of dynamic mechanical properties of rock, the present paper conducted the nuclear magnetic resonance (NMR) tests and impact loading experiments on sandstone under different freeze-thaw cycles. The results of NMR test show that, with the increase of freezethaw cycles, the pores expand and pores size tends to be uniform. The experimental results show that the stress-strain curves all go through four stages, namely, densification, elasticity, yielding, and failure. The densification curve is shorter, and the slope of elasticity curve decreases as the freeze-thaw cycles increase. With increasing freeze-thaw cycles, the dynamic peak stress decreases and energy absorption of sandstone increases. The dynamic failure form is an axial splitting failure, and the fragments increase and the size diminishes with increasing freeze-thaw cycles. The higher the porosity is, the more severe the degradation of dynamic characteristics is. An increase model for the relationships between the porosity or energy absorption and freeze-thaw cycles number was built to reveal the increasing trend with the freeze-thaw cycles increase; meanwhile, a decay model was built to predict the dynamic compressive strength degradation of rock after repeated freeze-thaw cycles.
Introduction
In geotechnical engineering, rock contains a certain amount of water. Freeze-thaw cycle is a typical weathering process and has strong impacts on the physicomechanical behaviors of rock in the cold regions. Ice phase volume expansion of water within pores produces the freezing force during freeze-thaw weathering [1] . Under this condition, the rock becomes a multiphase medium that includes rock matrix, water, ice, and gas. The freezing force has an important impact on the rock deformation; hence, the stability of rock engineering structures as the freezing force will cause internal damage due to crack development. Due to the significant effects on engineering properties of the rock mass, rock freeze-thaw weathering is crucial in the whole design, construction, and maintenance stages of geotechnical works [2, 3] .
Freeze-thaw weathering has long been discussed as a major physical deterioration process. Beier and other scholars have verified that the mechanical properties of rock are severely affected by freeze-thaw cycles, leading to the appearance of nonconventional rock failure phenomena [4, 5] . Many experimental studies have been conducted to investigate the deterioration of physical and static mechanical properties of various rocks under different freeze-thaw cycles [6] [7] [8] [9] [10] [11] , including density, porosity, P-wave velocity, point load strength, elastic modulus, negative Poisson's ratio, and uniaxial compressive strength (UCS).
The frequent freezing and thawing of pore water inside rock expand the cracks and pores and promote the development of new microfractures [12] and thus do great damage to rock engineering [13] . Thus, changes in the internal microstructure are the crucial factor causing the damage of rock after freeze-thaw processes [14] . Also, some advanced technologies such as X-ray computed tomography (X-ray CT), scanning electron microscope (SEM), and nuclear magnetic resonance (NMR) are used to analyze the evolution of the microstructure at the different number of freeze-thaw cycles [12, [15] [16] [17] [18] .
Shock and Vibration
In fact, because of the extensively existing blasting operation and mechanized construction as well as seismic oscillation, rock engineering disasters often involve rock responses to stress pulses or impact loads, and the corresponding prevention and cure researchers come down to the analyses on dynamic mechanical properties of rock-like materials [19, 20] . For example, in 2013, the slope failure in the Tibet Jiama Mine of China caused by the combined effects of the rock weakening due to freeze-thaw cycles and dynamic loading resulted in the collapse of more than 2 million cubes of rocks and numerous casualties and serious property losses. The weakening of rock excavation structures due to this combined effect is a significant problem in a cold climate such as in the major part of western and northern China. Therefore, it is critical to understand the dynamic characteristics of rocks under the action of the freeze-thaw processes, which is important from both the theoretical point of view and practical engineering applications.
Due to the high loading rate, the mechanical properties of rocks under dynamic load are noticeably different from those under static load after freeze-thaw weathering. Through the above previous analysis of the research results on the mechanical properties of rock under F-T cycles, scholars mainly centered on the physical and statics mechanical properties; only a few works have been published about the dynamic mechanical behaviors of freeze-thaw weathered rock. The microscopic damage characteristics and dynamic mechanical parameters of sandstone subjected to repeated freeze-thaw cycles were investigated from the NMR tests and impact loading tests [17] . Static and dynamic mechanical properties of sedimentary rock after freeze-thaw weathering were obtained from the SEM technique, static compression, and SHPB impact tests [3] . Considering the strain rate effect, a prediction model for the dynamic mechanical degradation of sedimentary rock was proposed after long-term freeze-thaw weathering [19] . Investigations about the effects of freezethaw cycles on the rock's dynamic mechanical properties during the weathering process are far from enough.
In this paper, for a deeper understanding of the freezethaw weathering effects on the microstructure evolution and deterioration of dynamic mechanical properties of rock, first sandstone, a common sedimentary rock, was selected as the test object; then a dynamic compression test on sandstone under different freeze-thaw cycles was carried out using the Split-Hopkinson Pressure Bar (SHPB) system [21] , and nuclear magnetic resonance (NMR) technique is used to detect microscopic damage of sandstone. Totally five experimental groups, respectively, that suffered 0, 20, 60, 100, and 140 artificial freeze-thaw cycles were prepared for static compression and dynamic impact tests, respectively, of which 140 freeze-thaw cycles group was used for the NMR tests.
Specimen and Experimental

Specimen.
The rock specimens are dense, uniform, fineto-medium-grained sandstone with a light yellow color. The yellow color is given by the clay cementation materials. In addition to the off-white color quartz sand and the brown clay fillings, there are many tiny, shiny specks. They are very small grains of muscovite. The specimens are obtained by the water drilling method and then prepared as cylinders with a diameter of 50 mm and a height of 50 mm. The flatness of the specimens was less than 0.02 mm.
Static Compressive Tests.
In order to compare the static properties with the dynamic characteristics, the static load tests were first carried out using an Instron 1346 hydraulic servo-controlled machine. In this work, three specimens were prepared for the static compressive tests. All tests were conducted on specimens by computerized strain control at a constant loading rate of 0.1 mm/min. During tests, the axial load was recorded by the machine directly, and the axial strain of the specimen was monitored by a linear variant differential transducer (LVDT).
Freeze-Thaw Tests.
A TDS-300 freeze-thaw cycle testing machine is used in the experiment. In the freeze-thaw test, saturated samples are placed into the freeze-thaw machine and conditioned at −20 ∘ C for 4 hours. Then, they are taken out of the freezer and placed in the water at 20
∘ C, where they are allowed to thaw for 4 hours [8] . All the samples are provided as saturated samples and are divided into 5 groups with 25 samples, and five different numbers of freeze-thaw cycles, 0, 20, 60, 100, and 140, are selected.
NMR Tests.
The observation of the evolution of microstructural deterioration of rocks is very important to the establishment of equations of deteriorating evolution and deterioration of the mechanical properties of the medium of rocks. Recently, some new techniques make it possible to look into the inner parts of rocks. Here, the technique of nuclear magnetic resonance (NMR) was used to obtain the porosity and pore size distribution.
The hydrogen proton (H + ) is a particle with a positive charge, and proton spin is one of the important properties of the hydrogen proton. Hydrogen proton spin can produce a magnetic field, and magnetic axes directions of protons are random in no external magnetic field. The NMR technique can detect hydrogen nucleus proton and its energy states of water existing in rocks.
A real NMR measurement to determine the microstructure of rock includes several steps. (1) Put the specimens within the NMR instrument; the magnetic axis of a group of protons will be randomly oriented in the absence of a magnetic field. (2) In the presence of the main magnetic field 0 , hydrogen protons align both with and against the field. Because of the difference in energy between the two alignments, there is slight excess of protons in the lower energy state (those aligned with the field). (3) A 90-degree radiofrequency pulse applied at the resonance frequency causes the protons to flip and align with the higher energy state. (4) After the action of the RF pulse is over, the flipped protons "relax" back to their original alignment at a rate determined by 2 relaxation times. The magnetic resonance signal is measured during the much shorter period of 2 relaxation [22] .
In this work, after the freeze-thaw treatment, NMR tests were conducted on the treated specimens by the AniMR-150 NMR imaging system, which is manufactured by Niumag Electric Technology Company, Ltd. in the city of Suzhou.
With the NMR signals, the porosity, 2 distribution, and NMR image of specimens can be obtained [23] .
Dynamic Compressive Tests.
The detailed geometric dimensions of the modified Hopkinson bar shown in Figure 1 were introduced in previous publications [24] . The entire setup consists of the incident and transmitted bar subsystem, striker launcher subsystem, and data processing subsystem. The incident and transmitted bar subsystem is composed of two long elastic bars, that is, an input bar and an output bar. The elastic bars are 2 m in length and 50 mm in diameter, with an elastic modulus of 250 GPa, Poisson's ratio between 0.25 and 0.3, and longitudinal wave velocity of 5547 m/s. Strain gauges are mounted on the middle of the elastic bars to measure the strain histories induced by the stress waves propagating along the elastic bars. The striker launcher subsystem comprises a striker bar, gas tank, pressure vessel, gas switches, and outlet valves [24] . The striker bar has a double-tapered shape and possesses the parameters provided in [25] to produce a half-sine waveform, which can eliminate wave oscillation and reduce wave-dispersion effects [26, 27] . The speed of the striker bar was controlled manually by adjusting the gas pressure in the gas tank. Impact loading tests were carried out at gas pressure of 0.5 MPa and the strain rate at 75 s −1 . Before that, gas pressure was selected according to the broken pieces, between 2 and 4 pieces, of standby sample in impulse tests.
Upon impact of a striker bar on an incident bar, an elastic compressive wave is generated within the incident bar, and the time-dependent incident strain in the pressure bar is measured by the strain gauge. At the incident bar/specimen interface, the wave is partially reflected and partially transmitted. A portion of the incident wave is reflected back along the incident bar as a tensile wave. This reflected strain can be measured by strain gauge. Transmitted strain measurements are also taken on the output bar with strain gauge. These strain measurements on the pressure bars are used to determine the stress-strain behavior of the sample [28] .
Using the wave signals from the gauges on the incident and transmitted bars by the data processing subsystem, the dynamic stress-strain curves of the samples can be calculated by the 1-wave or 3-wave analysis method through the principle of 1D wave propagation theory [28] . Using the 3-wave analysis method [29] , strain gauges mounted on the incident bar measure the incident strain and reflected strain pulses, and strain gauges mounted on the transmission bar measure the transmitted strain pulse (Figure 2 ), which are used to calculate engineering strain , engineering stress , and strain ratė. The formula is as follows [30] :
where is the wave velocity of the steel bars, is the original length of the sample, is the cross section area of the bars, is the original area of the sample face in contact with the bar, and is the elastic modulus of the bars.
The dynamic force on one side of the specimen is proportional to the sum of the incident (In) and reflected (Re) stress waves, and the dynamic force on the other side is proportional to the transmitted (Tr) wave. As shown in Figure 3 , for a typical dynamic compressive test, the dynamic forces on both ends of sample are almost identical during the dynamic loading history. Therefore, the sample is in dynamic stress equilibrium in this SPHB system [24] , and + = ; then the strain, stress, and strain rate are given as follows [31] :
Results and Discussion
Static Properties with No Freeze-Thaw Cycle.
The average material properties were determined for the five samples summarized in Table 1 . Typically, the static stress-strain curve can be divided into four phases, as shown in Figure 4 distributions can be used to analyze the expansion and extension of pores in rocks to study the trend of rock damage. Figure 5 shows 2 distributions of the sandstone after treatment by different number of freeze-thaw cycles (from 0 to 140). These distributions essentially describe the proportion of pores with different sizes in a multiscale pore structure.
It can be seen from Figure 5 that the 2 distribution has two peak values at small number of freeze-thaw cycles, but it gradually evolves into three peak values after the treatment of 60 freeze-thaw cycles. With the increase of freeze-thaw cycles, the 2 distribution shifts to the right, indicating that large size pores increase. This suggests that the pore structure has developed from small size to large size and the internal damage accumulates gradually. The change of 2 distributions at 60-100 freeze-thaw cycles is small, which suggests that, within this range of freeze-thaw process, the pore structure changes are constrained by the cohesion between crystal grains and the development of pore size enlargement is restricted and the degree of freeze-thaw damage is small.
Variation of Porosity.
The porosity of the rock has a significant influence on its physical and mechanical properties. Therefore, it is important to investigate the changes of porosity due to freeze-thaw processes and their effects on the damage characteristics of rock. Table 2 lists the variation in the porosity of sandstone after treatment at different number of freeze-thaw cycles. As can be seen from Table 2 , the porosity of sandstone samples increases with the increase in the number of freeze-thaw cycles, with an average increase of 51.71% when the number of freeze-thaw cycles reaches 140. This increasing trend is consistent with the observation of pore structure changes described in the previous section. In the freezing phase, water in pores turns into ice and the corresponding volume increases, which results in the frost-heaving stress, forcing the micropores to expand. In the thawing phase, the ice turns into water, which then migrates inside the rock, causing dissolution of minerals between internal pores. Consequently, these freeze-thaw cycles increase the damage of rock matrix, increase the pore sizes, and cause microcracks to appear. Figure 6 further presents the porosity of specimens under different freeze-thaw cycles. The regression analysis reveals that the relationship between the dynamic compressive strength and freeze-thaw cycles can be determined using the following equations:
where is the porosity after freeze-thaw cycles, 0 is the original porosity, and and are the constants. It can be seen that, compared with the original average porosity of sandstone which is 7.787%, the average porosity increases to 8.741%, 9.681%, 10.501%, and 11.803% after 20, 60, 100, and 140 freeze-thaw cycles with an increase of 12.25%, 24.32%, 34.85%, and 51.71%, respectively.
Freeze-Thaw Cycles Effect on Dynamic Compressive Properties of Sandstone.
According to (2), the complete stressstrain curves under dynamic loadings and different freezethaw cycles can be obtained. Table 3 gives the parameters of specimens under different freeze-thaw cycles in the dynamic compressive tests, and Figure 7 presents the dynamic stressstrain curves of sandstone under different freeze-thaw cycles.
As is shown in Figure 7 , the complete stress-strain curves all go through four stages, namely, densification, elasticity, yielding, and failure, like the static stress-strain curves. With the number of freeze-thaw cycles increasing, the slope of densification and elasticity curve decreases, the peak stress decreases, and the peak strain increases, showing that the internal damage of sandstone gradually accumulates and the crack increases under the freeze-thaw cycles, resulting in the decrease of the initial modulus and strength.
Besides, many decay models [32] [33] [34] [35] [36] were built by scholars to analyze the durability of rocks that suffered long-term freeze-thaw weathering. Mutlutürk et al. [32] proposed a decay model that uses the decay constant ( ) parameters to express the disintegration rate of rock. Considering the dynamic strain rate effect, Wang et al. [19] proposed a prediction model for the dynamic mechanical degradation of sedimentary rock after freeze-thaw weathering based on this decay model. Following this relation, to fully describe the dependence of the dynamic compressive strength of rock on the static compressive strength, strain rate, and freeze-thaw cyclic number, a new decay equation in exponential form is proposed based on some empirical formula [37] :
where UCS is the dynamic UCS of rock after freeze-thaw cycles, UCS 0 is the original dynamic UCS of rock,̇is the strain rate, , , and are the constants, and is the freezethaw cycles number. The physical meaning of each term of (4) is justified as follows. On the right-hand side of (4), the second term in the product describes the freeze-thaw cycles damage and the third term is the strain rate. According to the physical meanings of each term, with this analysis method, the fitting curves and fitting parameters are shown in Figure 8 . It can be seen that the equations match the trend of the data well. Compared with the original average peak stress of sandstone which is 98.08 MPa, the average peak stress reduces to 93.59 MPa, 87.83 MPa, 83.69 MPa, and 77.03 MPa after 20, 60, 100, and 140 freeze-thaw cycles with a loss of 3.76%, 9.91%, 13.94%, and 21.42%, respectively.
Freeze-Thaw Cycles Effect on Dynamic
Failure Characteristic
Freeze-Thaw Cycles Effect on Energy Absorption of Sandstone.
In the SHPB experiments, the essence of sample damage is energy transmission. It is impossible to acquire directly the amount of energy dissipation of the damage process of sandstone. When the incident bar is struck by the striker bar, the energy spreads in the incident bar as the form of an elastic compressive wave. Then the wave is propagated on the interface of the incident bar and sample; the energy is partially reflected and partially transmitted into the sample. The energy which is transmitted to the sample is divided into Shock and Vibration two parts: one part of energy damages the sample and the other part of energy generates reflection and transmission on the interface of sample and output bar. Therefore the sample energy absorption ( ) can be calculated indirectly by the relationship of the energy of the incident stress wave ( ), the energy of the reflected stress wave ( ), and the energy of the transmitted stress wave ( ), and the equation is as follows [38] : where represents the moment that the sandstone is completely damaged. According to the calculation principle of energy absorption, Figure 9 shows the relationship between energy absorption and the number of freeze-thaw cycles. The energy absorption of sandstone shows a significant increase with the freeze-thaw cycles increasing.
The energy absorption in rocks depends on many factors: not only the porosity but also the size of the rock particles, cement, saturation, and so on. When the other rock properties are the same, the internal pores and cracks of sandstone increase gradually as the freeze-thaw cycles increase. However, the energy absorption in rock failure is closely related to the internal damage characteristics. In the dynamic test, the stages of cracks growth, propagation, initiation, and expansion in the rock all need to absorb energy from the incident stress wave, and this is an irreversible energy dissipation process. The greater the porosity of the rock, the lower the strength; the damage of the rock will be more severe in the dynamic test, which results in more energy absorption in the process of rock failure. Figure 9 also further presents the energy absorption of specimens under different freeze-thaw cycles. The regression analysis reveals that the relationship between the energy absorption and freeze-thaw cycles can be determined by the following equation:
where is the energy absorption after freeze-thaw cycles, 16.23%, 37.18%, 53.25%, and 74.13%, respectively, compared to 0 freeze-thaw cycles.
Dynamic Failure Forms.
In the impacting tests, the tensile cracks nucleate from the preexisting flaws in the direction of the maximum tensile stress, and the failure form is mainly the axial splitting failure. The fractured surface parallels the axial direction, and it produces 2-3 larger blocks. The surface of the section particles is free of scratches. It is considered that the specimen has a Poisson effect under longitudinal stress, which results in a transverse tensile strain and then breaking in the transverse tensile. Figure 10 shows the failure forms of sandstone with impact loading under different freeze-thaw cycles. The size and amount of rock fragments generated in the experiment change with different freeze-thaw cycle numbers. As the number of freeze-thaw cycles increases, the breakage degree increases, the size significantly diminishes, and the amount increases, showing a strong correlation with the number of freeze-thaw cycles. When the number of freeze-thaw cycles is low, the rock fragments are intact or incomplete, deformation is smaller, and the stress is higher. With increasing freezethaw cycles, the rock fragments are more broken completely, the strain increases, and the stress decreases. When the number of freeze-thaw cycles is 140, the dynamic failure becomes more and more intensive. The main reason is that, with increasing freeze-thaw cycles, the number of bulk mass pores increases and presents centralized distribution, resulting in increasing the number of fragments and decreasing the size obviously.
Relationship between NMR Porosity and Dynamic Characteristics of Sandstone.
Rock is a nonhomogeneous and brittle geological material that is composed of various mineral grains and cement. The mineral grains size and composition, cement strength, defects and distribution, and density are the main rock properties which have the greatest effect on the degree of rock damage after freeze-thaw cycles [7] . The higher the strength, the denser the mineral grains and the higher the cement strength, and the smaller the porosity of the rock, the smaller the effect of the freeze-thaw cycle and, reversely, the greater the effect of the freeze-thaw cycle. Therefore, the deterioration of the high strength and dense rock (e.g., the granite and fine-grained sandstone) is less after freeze-thaw cycles [39] , while the damage of the low strength and mediumto-coarse-grained rock (e.g., the medium-to-coarse-grained sandstone, limestone, and mudstone) is severe after freezethaw cycle; even some rocks have decomposed under less than 15 freeze-thaw cycles [7] . For the same rock, under the same conditions, the number of freeze-thaw cycles will be the decisive factor for the freeze-thaw damage of rock.
When a rock goes through a freeze-thaw cycle, it undergoes the extension, expansion, and connection of new microcracks and original cracks. The freeze-thaw cycles affect rock damage in 3 ways: (1) expansion when water changes to ice: the pore water freezes and expands by 9 to 10%, exerting stress on the pore wall and when this stress exceeds the tensile strength of the rock, cracking occurs [1] ; (2) formation of ice lens or wedge: the ice lenses act like wedges which promote crack initiation and propagation; and (3) hydraulic pressure: as ice grows in a pore or other spaces, owing to the expansion associated with freezing, unfrozen water is expelled from the space [1, 40] . With the increasing number of freeze-thaw cycles, the rock porosity gradually increases, and the cohesion between the mineral grains gradually decreases. Therefore, the variation of porosity can be used to characterize the deterioration of dynamic properties of rock and the number of freeze-thaw cycles after freeze-thaw cycles.
From the above discussions, we can use the decay equation of (4) to reveal the relationship between the dynamic strength and porosity.
where UCS is the dynamic UCS of rock, UCS 0 is the original dynamic UCS of rock,̇is the strain rate, , , and are the constants, and is the porosity. With this analysis method, the fitting curves and fitting parameters are shown in Figure 11 . It can be seen that the equations match the trend of the data well.
Conclusions
In this study, the NMR signals of sandstone specimens after freeze-thaw cycles were obtained and the effect of freeze-thaw cycles on dynamic properties of rock under the strain rate (75 s −1 ) was experimentally studied using a SHPB system. The following conclusions can be drawn from this study.
(1) The NMR signals analysis indicated that, with the increase of freeze-thaw cycles, the porosity of sandstone increases, and the evolution of pores size tends to be uniform. (2) The stress-strain curves all go through four stages and the densification curve is shorter. With increasing freezethaw cycles, the dynamic peak stress decreases and the energy absorption increases.
(3) The failure form of sandstones is mainly axial splitting failure under impact loading. With increasing freeze-thaw cycles, the breakage degree increases, and the size diminishes significantly.
(4) An increase model for the relationships between the porosity or energy absorption and freeze-thaw cycles number was built in the form of (3) to reveal the increasing trend after repeated freeze-thaw cycles. Meanwhile, a decay model was built in the form of (4) to predict the dynamic compressive strength degradation of rock after repeated freeze-thaw cycles.
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